under compressive loading because the B2-structured nanocrystals undergo a martensitic transformation during deformation [7, 8] . Therefore, it is necessary to design the chemical composition of such materials to control the martensitic transformation temperatures, in order to acquire high transformation temperatures in HTSMA devices or to obtain B2 phase-BMG composites for applied use [9, 10] .
INTRODUCTION
Shape memory alloys (SMAs) exhibit unique shape memory effects and superelasticity behavior due to their martensitic transformation [1, 2] . ZrCu-based alloys undergo a thermoelastic martensitic transformation from a B2 structure to two different monoclinic martensitic structures: one with a base structure (B19ʹ) with P2 1 /m symmetry and the other with a superstructure (B33) with Cmcm symmetry [3, 4] . They are considered as competitive high temperature shape memory alloys (HTSMAs) due to their low fabrication costs and high martensitic transformation temperatures, which are associated with favorable shape memory effects [5, 6] . For example, a Zr 42.3 Cu 29.9 Ni 11 Co 10.2 Ti 6.6 alloy can achieve a recoverable strain of 3.5% under 8% applied compressive strain, with a high martensitic starting transformation temperature (M s ) of 450 K [4] . In addition, ZrCu-based bulk metallic glass (BMG) matrix composites show enhanced plasticity and overall work hardening
RESULTS AND DISCUSSION
The number of valence electrons can be calculated based on the contributions of the s + d electrons from the transition metals, or the s + p electrons of the non-transition metals [12] . Since both Zr and Cu are transition metals, the number of valence electrons ( e v ) for Zr and Cu are 4(5s 2 4d
2 ) and 11(4s 1 3d 10 ), respectively. Therefore, the average valence electrons per atom (e v /a) in the equiatomic ZrCu alloy is 7.5. The valence electron concentration (c v ) is defined as the number of valence electrons in the alloy divided by the total electrons in the alloy as calculated by using the following equations [13] Fig. 2 . Among the alloys at the same e v /a value (7.5) The transformation temperature of ZrCu-based alloys decreases with increasing c v . An increased c v leads to strengthened bonds, and in turn an enhancement of the B2 structure stability. The valence electron concentration in this structure is mainly determined by d-d interactions of the Cu and Zr electrons [25] . This stabilization originates from the deformation splitting of the electronic density of states peak above the Fermi level induced by the d-d hybridization between Zr and Cu sites, which forms an additional occupied electron state close to E F and increases the total energy of the B2 phase [26] . The d-d hybridization between Zr and Cu sites becomes stronger as the valence electron concentration increases, which increases the total energy; likewise as the stability of the B2 structure strengthens, M s decreases. Moreover, a higher valence electron concentration usually results in higher bulk and shear moduli, which for solid state materials is a measure of resistance to volume change and a measure of resistance to shape change, respectively [11] [12] [13] . In summary, higher c v values lead to lower transformation temperatures.
In considering the crystal structure of ZrCu-based alloys, valence electron density (n) which is a function of the number of valence electron (e v /a) and the unit volume of the crystal (V cell ), is a factor for describing transformation temperature variations. This relationship can be expressed as [27] 
where N represents the average number of atoms contained in a unit cell. In order to study the relationship between va- Present study Refs. [17, 24] Refs. [18, 20] Refs. [22, 23] Refs. [17, 24] Refs. [18, 20] Refs. [22, 23] lence electron densities and transformation temperatures, Zr-Cu-Ni and Zr-Cu-Hf alloys are designed and partial data are selected from Ref. [21] . All the diffraction peaks of the samples can be well indexed to monoclinic martensite (a base structure B19ʹ and a superstructure B33). The B33 martensite phase is the superstructure of the basic structure B19ʹ martensite and consists of four units of B19ʹ structures [28] . Therefore, the variation tendency of the unit-cell volume is based on the lattice parameter of B19ʹ martensite in Zr-Cu-Ni and Zr-Cu-Hf alloys. A linear relationship between the transformation temperatures (A s and M s ) and the electron density is shown in Fig. 3 . In order to better determine the temperature scale corresponding to electron density changes, trends were estimated for the effect of n on T 0 as shown in Fig. 3c . This analysis allows us to write the empirical formula T 0 = 2158 − 3826n, where T 0 is the martensitic transformation equilibrium temperature. Based on this equation, T 0 above 1000 K (corresponding to the potential HTSMAs with high transformation temperature) can be obtained if n < 0.303, while T 0 close to room temperature can be achieved when n ≈ 0.486. It is particularly notable that the transformation hysteresis of ZrCu-based alloys is very broad (183 K for Zr 50 Cu 50 alloy), and the martensitic transformation can be considered as non -thermoelastic [29] . The wide thermal hysteresis of SMAs may result in longer response times, as well as small sensitivity and frequency values which are not anticipated for actuator applications. The contour map for the thermal hys teresis behavior vs. c v and e v /a is shown in Fig.  4 . The darkest area represents a very small thermal hysteresis (about 50 K). When c v is held constant, the thermal hysteresis distinctly becomes narrower as e v /a decreases. The small thermal hysteresis is a characteristic of the thermoelastic transformation in SMAs. Normally, SMAs with thermoelastic transformations can exhibit favorable shape memory effects. For example, a Zr 42.3 Cu 29.9 Ni 11 Co 10.2 Ti 6.6 alloy with a smaller thermal hysteresis (70 K) than other ZrCu-based alloys can achieve a shape memory effect of approximately 3.5% [4] . In addition, thi s smaller thermal hysteresis is accompanied by a small energy dissipation derived from the friction of domain rearrangements and phase boundary migrations. Thus, this map demonstrates that to acquire small thermal hysteresis in ZrCu-based alloys, a relatively small e v /a value is necessary. According to the contours (Figs 1c and 4) 
CONCLUSIONS
In summary, an empirical map describing transformation temperature vs. e v /a and c v is described for designing ZrCu-based systems. The transformation temperatures of ZrCu-based alloys decrease with increasing c v when e v /a = 7.5, which can be interpreted that increased valence electron concentration related to the total density of states at the Fermi level leads to the stabilization of B2 structures. A linear relationship between transformation temperature and valence electron density was also determined. This study yields further understanding of the influence that chemical composition has on the transformation temperatures of ZrCu-based alloys, enabling more effective alloy design. Figure 4 Con tour views of the curve fitted thermal hysteresis (Most data from our studies while partial from Refs. [4, 24, 28] ).
